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Abstract. Neutron diffraction has been used to measure the residual stress distributions
ill uncracksd and fatigue cracked rings taken from a high strength, low alloy steel
.lu[ofmt~ged tube with a bore diamerer of 60rnm and a wall thickness of 32mm. Stresses
were determined to a precision of t 10MPa. Three crack sizes were examined. No
;ippreciable stress redisrnbution was observed until the crack was grown into a region
which originally contained tensile residual hoop stress. When this occured an increase iri

residual hoop tension was observed ahead of the crack tip. Qualitative ugreemenr w:~s
.Iuhieved be[ween the measured hoop stress distribution and values predic[ed using :1
boundary element method,

1. Introduction

Thick walled tubing is used in a variety of high pressure, militaq and chenlic:ll
engineering applications. When subject to cyclic in:emal pressure, fatigue cracks ctiII
propagate from the bore of the CIIIX and cause failure. The autofrettage process, which is

~pplied prior to service, provides some protection against fatigue cracking from the bore
by upplying internal pressure of sufficiem magnitude lo cause panial yield through [he

w;III [hickness, This introduces a compressive residual hoop stress at the bore which is
Ixil;lnced by.a [ensile stress w larger radii, The magnitude of the over-pressure determines
[he Iimlt ot the plastic zone and the shape of the stress distribution through the w;III,
Sut~sequent applied Ic\ading must first overcome the compressive resiciuul hoop s[rrss
Iw!ore trucks can propngnte from the bore, The bet :fits of autrirettage in improving [hc
Lmgue life of tubing am documented elsewhere [ 1],

The stress produced by autofrettage in untracked autofrettaged specimens IUIS
illrewjy ken measured both by neutron diffraction and conventional methods [2], In this
~[udy we have cxaminu!, the redistribution of residual stress resulting from the growth d’
futigue cracks from the bore, The effects of different crack lengths comesponding to
~lifferent fractions of thr wall thickness were studied, While [hc crack rcm~ins in the
Lxmlpressive region little mdismbution was expected since the crack plane cm still trunsmit
J compressive force, I+!owever, when [he truck [raverscs u region which originillly
~onlulncd a [ensile stress, redistribution must occur since the crxked region cm my hmgcr

[r;msmit :1tensile loud,



principal alloying additions of 0.34%C, 1.67%Ni and 0.8%Cr (AIS1 4333M4). The
aurofrettage was applied without producing end lotiing on the tube and corresponded to
plane SUCSS.The yield smesswas 1070MPa and [he U.T.S. was 1150MPa.

Rings of thickness 5rnm were removed from the cube after autofrettage (fig 1).
Previous studies suggest that the remcval of thin rings from autofreuaged tubing does not
substantially alter the residual hcop stresses [3]. Although it is worth noting that finite
element analyses of thin walled tubing do indicate a significant reduction in the hwp smess
on removal of thin slices [4]. In practice the 5mm thickness of the specimens was selected
m give fast count times thas making efficiern use of the reucron beam time available, A
2.5rnrn deep notch was introduced at the bore of three rings from which fatigue crocks
4.5, 8.5 and 16mm in length (including the notch) were propagated. The crack lengths
corresponded to failure through - 14%, 25% and 50% of the wall thickness respective y.
previous measuremems indicated that the change from compression [o tension occurs
approximately 8mm from the bore [2]. Relative to the original hoop stress disrnbution the
crack ~ips lie in the compressive region, 0,5mm into the tensile region and 8mm into the
tensile ~egion (fig 2). “
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The neurron diffraction technique uses the inlerplnn;u lattice s ucings of’ SCICUICL1
rIlrilgg retleutiors to uct ns intemtil strain gnuges and is descrihd e sewhere [5]. Tht

Ineasurerncnts were mude using the higtl flux rcscurch rew:tor ut the Insiitu[ Luuc
l,tingcv:n. in Grenoble, France. St.mins were determined by measurin$ [he fcrritic 2 I I
.-etlection using the high resolution powdt:r .fiffrmxomcter, D 1A which fell M In angle t}f
- I[W,SU2(I for u wuveicngttl of -I ,~IA,Ttle z I I reflection wus selected bccuusc it tl:~s;I



siligle crystal compliance close to the bulk macroscopic response. Count times were
typically 20 minutes for each measurement giving an accwacy of Klpsmi.rI.

The presence of a crack disrupts the circular symrnemy of the stress distribution
produced by the autofrettage process. Consequently a compact sampling volume was
required m resolve changes along the crack plane. A sampling volume of 8mmJ WIS used
for all measurements and was placed on the centre plane at rnid-[hickness. Hoop, rw-lid
~mdaxial strains were measured on a radius from the notch 10 the outside edge and tilong
[he opposite untracked radius,

Smins are determined from the change in position of a measured Bragg reflection
from the position of a reflection from unsmained material. The unstrained response is
normally measured on material which is identical in composition [o the specimen but
which is small enough to be assumed to be free of significant macroscopic stress.
However in this case the unstrained value was calculated by assuming that [he forces
acting across the plane of the untracked side must balance. A moment balance is also
possible and the stresses from the two methods of obtaining the unsEdined response differ
by less than 10MPa.

=!.1 Results

Uncmcked side (fig 3abc, fig 5): The strains and s~esses for [he untracked sides
of the three rings show that even when the fatigue crack is half way through the bore on
one side of a ring no detectable redistribution of stress occurs on the unc:acked side.
Within experimental accuracy [he stresses on the untracked side were the same us
previous measurements k an untracked Mg [2], The unmodified autofmttage hoop stress
shows a maximum compressive value at the bore of -300MPa reducing to zero tit
R=7.5mm then attaining a maximum tensile value of -80MFa at R=lOmm (fig 5). The
radial and axial stresses remain within A 50MPa of zero at all points through the WO1l
thickness, The radial stresses for all three rings upproach zero at the bore and al the outer
edge M hey must at free surfaces.

Cracked side hoop difecfim (figs 4a,6a): The hoop strains (fig 4a) tiiong the
shortest, 4.5mm crack are close to the untracked values (fig 3a). The maximum dispam’[y
of =20% occum at R=2.5mm which corresponds to the deFth of the notch, However the
disparity k. tieen tie untracked and cracked r:sults diminishes awtiy frum the notch ~IId
[he change from compressive to tensile strain coincides at R-7,5 mm.

The hoop strains along the longest ( 16mrn) crack demonstrate a char;lclerisric
shoulder between R=6 and R=I14mm along which the strain if approximately con:,tant and
compressive. Beyond R= 14mm the hoop strain bccomcs increasingly tei:sile to u
maximum of 14(X)Wttain between R=16 and R=17mrn. Ti~. com ressive shoulder is --

flK)MPa and a maximum tensile stress of 30QMPa is reached at R=l mm (fig 6iI).
The hoop strain along the crack plane of the intenrwdiule crack length (8,5mnl)

hints m a similar shoulder to that described above ut R=6mnl. [t also showed M inuretise
in tension beyond the crack tip which was less than was observed for (he longest cr;l~k
length but exceeds the uncmcked ring response.

Crmked si& radial direcrion (figs 4b, fib): On the cracked side the rudi:ll str:lins
do nol show consistent behaviour nnd in pmicular the results for ll~e shorte$~ ~.luuk urc
clearly in error (fig fib), The stresses tit [he bore are not zero but this may rctlecl the
presence of the notch, At the outer edge the ritdial stress for the intemwdiate und long
crack rings do tipprouch zero but not the shortest crack which Irflects the unonmlv
dcscrihe.d above,

L“rut’ked ,fide uriul direcfion (figs 4c, 6c): Along the crack plmc the tixiul s[r:lin$
;we d [Cli!iilc idong [he crlckai re~ion. ‘hen ut cuuh ~~ii~k tlp there is it sharp disc~mtiuul[y



to compressive stmh along the remaining ligament. The discontinuity is not well defined
for the shortest crack length which mtiy reflect poor spatial resolution for those
measurements.
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4.2 Comments on iresuits

Along the crack planes the hoop and axial strains show consistent changes but [he
r:~dicdstrains do not fomn a pattern, The hoop and axial strains on the cracked side of the
shortest crack are close to the uncrackcd values thus the su.mewas expected nf the r:idii]l

struin, This was clearly not the case. We believe that poor spatial rcsolu~ion for ih(~st
measuremcnfs may explain the dismcpancy.

In figure 6a the hoop stress changes fr~m compressive to [cnsilc between R = 1-1
:~nd R= 15mm which is closer to the bore than the visual identiflcmion of the crack lip :11
Ifimrn, Since a crack cannot support a tensile stress across it, either [he positioning O( :tw
visual iden(ific~tion of the crack tipposition is in error. ‘fhe intcnsi~ profiles of ~he L3r:igg
rc!lection M the sampling volume emerged from tbc specimen indicated thar ils positl~~n
wns cm-rec[ly known. ‘Il:us if is bclicvcd that the crack tip is less thun 16mm frmn [Ilc
t>(~rc,

One interesting feilturc concerned the width of the Bragg rcflecnions, [n pnnciplc
(he shape mtd width of the diffmctcd petiks can provide infmmmtion uhout the pl;is[l(



defamation and rnicrosuain present in the material although care must tx taken to sep.rate
broadening effects due to tie finite sampling volume in regions of steep stress gradients.
Comparison of cha from the cracked and uncrackcd sides showed an increase iri the width
of the Bragg reflections in tie vicinity of the fatigue crack this effect Is Illustrated for r-he
axial strain direction of the longest crack in figure 7. Similar results were noted in the
hoop and radial directions. On the uncmckcd side of each ring there is an approximate
167o reduction in the width of the diffiactcd peaks horn the bore to the outer edge. On the
cracked sides there is a ftuther incrcasc in width assmiatcd with [he presence or passuge
of [he fatigue crack. The effect is independent of Lhes~ess gradients which also alter [?e
peak width. No qu~atitarive usc has ken made of this information.

5.1 Boundary integral method

The boundary integral equatio~, (BtE) or boundary element method is a stress
analysis COOIwhich provides solutions to engineering problems for which no analytical
solution is available. [t is a numetical technique which converts the pmial differenti~l
equations which describe the elastic behziviour of a material to a surface integral applicable
over a boundary. The conversion is exact and approximation is only introduced by [he
subsequent numerical solution of the inlegral. By applying tractions and displacements to
points cm a kundary [he distribution of tractions and displacements at other points on the
bundary can bc predicted subject to any enforced conditions.

Boundary element methods combine known solutions of simple problems 10 give
solutions to more complicated problems, If a force of known direction and magnitude acts
at a point on !he hunclary of a material then subject to the laws of elasticity an analytical
solution exists for the forces and displacements which act on any other point. By
considering the application of multiple individual forces the fundamental solu[ion
associated with each can be superposed and by applying boundary conditions the effective
traction and displacement over the remainder of the boundary can be predic[ed,
Application of bw.nda.ry integral methods to stress analysis is discussed by Fenner [6] and
has ken applied for calculating stress intensity factor~ in autofrertagcd rln~~ [7].

Unlike finite element methods in which the whole of the relevant domain must be

discrclisrd only the bound,a.ry is considered. This simplifies the model aI duces !he
dimensionality of the problem by one, Fewer elements arc needed than qu, +alent fini[e
element mcxlcls which reduces the preparation and computing time. No approxinlation of
[he internal region is fleccssary which improves accuracy and produces Icss unwanted
information. Selection of an appropriate mesh makes it easier to focus on a region of
interest. Cracks can be inrroduccd by creating ncw bwmda.ries which can be external or
in[ema.1.

within each element on the bouncimj the ciist)lacemenl ancj ~ctions al-edescribed
by nodal values togeticr with a shape. fullc~ion for ~ntcrpolation, Intcgraticms along
boundary can Ix complicated and the solution is usually effected using Gauss
quadrature applied 10 the bundary elements, Small strains are implicit otherwise
shape of the domain will be altered,

5.2 Application of boundary integration

he
tin
he

The features in the cracked rings which arc open to modeling using [he lmundary
clement method arc the no:ch (which initiates tie fatigue crock) and the prewnce of a crack
in the lensllc region. Removal of material [o form a notch permits the faces to compress in
response 10 the residual stres: at the bore and thus no compressive load is transml[(cd
belwccn R=() and R=2.5mm, Similarly when [he crack has propagated beyond 25(7 ~~f’



the wall thickness it relieves the tensile hoop stress because the cracked region cannot
transmit a tensile force. In the tensile region the crack is drawn open and the stress must
redisrnbute. For the rings con”uining the shon and intermediate crack lengths all or most
of the crack lies in the compressive region and the modification to the stress distributions
is limited to tie presence of the notch. Consequently the bundary element method was
addressed to the ring containing the longest Hack in which approximately 8mm of the
original tersile hoop stress berween R=-.5 and R=16rnrn is relieved.

A boundary elermnt pm~arn [8] was used for the calculations. “The program
assumes plane strain conditions and uses Hetm.itian cubic elements. Cubic variations of
displacements and tractions are permitted along each element, In figure 8 the original
~~~ofrettaged hmp stress disrnbution is illusmated across the wall of a ring. In figure 9
the position of the crack tip is indicated and the shaded regions AB and CD denote the
relieved regions corresponding to the notch and to the region of [he ring where the crack
lies in an originally tensile stress region,

The BIZ program was used to predict the smesses induced in the regions BC and
DE for an applied suess distribution corresponding to the shaded regions in figure 9.
Assuming superposition and adding the original hoop stress distribution (fig 8) to the

predicud suess disrnbution due to the applied stresses in (fig 9) rhe stresses in the region
AB and CD are negated. The modified stresses in regions BC and DE are then the
residual stresses of interesL
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Symrneuy rquires that only half of the ring needs to be modeled. The lnesh used
for the calculations is shown in figure 10, 58 nodes were used around the mesh with 20
on each flat section. The tmundmy conditions on the crack plane are shown in figure 11.
In regions AB and CD tractions are applied of equal ri~agnitude but opposite sign to [hose
ex~sung in me uncmcked Mg and the elements are perrnirted he displacement in the hoop
direc[lon. In regions BC arid DE no tractions were applied and the elements were
penmued no displacement normal to the crack plane (hoop direction). On the uncmckcd
side no awtions were applied and the nodes were held at zero displacement in the hoop
direction All other ncdes were completely free,
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In the f~st analysis die BIE program predicted some overlap of the crack plme 10
[he left of point C (comesponding [o R=7.5 at the Iintit of the compressive hoop stress) in
figure 9. When the crack face is shut the solution must not pralict overlap of the crack
face. Since the contact area was not known in advance, an itcmtive approach was adopted

[9] and the reversed stress disrnbuticm was extended backwards to R=5.9mm. Physically
[his corresponds to the tensile stress holding the crack. open at the end af the compressive
zone. The crack tip (point D in figure 11) corresponded to R=16.3. The BIE prediction
of the redisrnbuted stress is plotted with the measured values in figure 13.

On the untracked side even when the effect of reversing the stress over the whole
length of the longest crack is considered the predicted change to the stresses are lc~s Lhan
15!vlPa. This is in accordance witi the experimental measurements in which no change
was observed on the untracked side, even for the longes’ crack length.

Figure 12: (h+ck side h~~p stress and BIE prediction (A/W= ().5)



6. Discussion

The BIE analysis was limited by the coarse mesh size and the limited spatial
tesoluuon of the measurements. However when the crack tip is assumed to be at
R= 16.3mm and the crack face is drawn open to R=5.9mm qualitative agreement be[ween
the measured results and the BIE predictions is achieved. In figure 12 the first node
beyond point D is O.5rnm away. Refinement of’ the mesh to give the values closer to point
D would pred.ic: !arger tensile stresses which would improve the agreement with th~
observed data. However, there is considerable discrepancy in the position of the crack
tip. The hoop stress resul~s imply chat the crack tip lies at or near R= 14.5mm since the
crack cannot support a tensile stress. However this is shorter than the optical assessment
of 16rnm. The BIE prediction gives nodal values and strictly some account of the finite
size of the sampling volume should be made. Taking the finite sampling volume of the
neutron technique into accounr would improve the agreement between the BLE prediction
and the measured values.

Lnthe BIE prediction the stress in the originally tensile region along the crack plane
is negated to leave zero stress, This does not account for the constant compressive hoop
stress which exists along the mack plane behind the crack tip. Its crigin is unclear but
may be associated with the plastic wake produced by the passage of the crack.

7. Conclusions

Propagation of fatigue cracks through up to half the wall thickness of autofretcaged
specimens has negligible effeet on the suess distribution on the opposite uncr~cked Ldes.
Cracks which remain in tie originally compressive region of an autofiettaged ring ring do
not modify the residual stressesexcept due to the artificially introduced notch. However
once a crack is propagated into the tensile region distinctive ciumges occur as the stress
redistributes. When a crack had propagated through 8mrn of the tensile region the tensile
stress ahead of tie crack tip increased and reached a maximum of 300MPa which is 3
times the value in an untracked ring. In the same specimen a constant compressive hoop
stressof -80MPa was obsewed over much of the crack plane except near the bore where
Ihc compressive stress was increased due to the removal of the notch material.

The redistribution caused by the longest crack has been addressed using a BIE and
superposition approach. The effects of the stressrelieved by the crack were calculated and
combined with the uncraeked stress distribution using the principle of superposition,
Qualitative agreement was achiev{d Ixtween the prrdicted and measured values. The
simple analyzis fails to account for the compressive shoulder along the crock plane and
uncertainty in the spatial resolution of the experimental measurements precluded more
detailed attempts to mcdel the stressdistributions.
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